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ABSTRACT Biomechanical models for biological tissues such as articular cartilage generally contain an ideal, dilute solution
assumption. In this article, a biomechanical triphasic model of cartilage is described that includes nondilute treatment of concen-
trated solutions such as those applied in vitriﬁcation of biological tissues. The chemical potential equations of the triphasic model
are modiﬁed and the transport equations are adjusted for the volume fraction and frictional coefﬁcients of the solutes that are not
negligible in such solutions. Four transport parameters, i.e., water permeability, solute permeability, diffusion coefﬁcient of solute
in solvent within the cartilage, and the cartilage stiffness modulus, are deﬁned as four degrees of freedom for the model. Water
and solute transport in cartilage were simulated using the model and predictions of average concentration increase and cartilage
weight were ﬁt to experimental data to obtain the values of the four transport parameters. As far as we know, this is the ﬁrst study
to formulate the solvent and solute transport equations of nondilute solutions in the cartilage matrix. It is shown that the values
obtained for the transport parameters are within the ranges reported in the available literature, which conﬁrms the proposed
model approach.
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Transport of nondilute components in tissues has important
applications including cryopreservation. The current
approach to tissue cryopreservation involves introduction of
high concentrations of cryoprotective agents (CPA)—typi-
cally 30–60% w/w CPA—sufficient to vitrify the tissue at
practically achievable cooling rates (1,2). Vitrification is
solidification to an amorphous, glassy state in the absence
of crystalline ice. It has been an interest of many researchers
to cryopreserve articular cartilage (AC) by vitrification (2,3).
Successful cryopreservation will allow banking this tissue
for transplantation to repair large osteochondral defects
(4–7). In addition, AC—with a relatively simple structure
and only one cell type—can be used to gain the fundamental
understanding necessary for the scientific design of cryopres-
ervation protocols for more complex tissues.
The first step in a vitrification protocol is to immerse the
cartilage graft in a bath of CPA solution and wait for perme-
ation of the CPA. Although the concentration of the CPA in
the surface layer of the tissue increases quickly, it can take
a long time for full permeation of the CPA into the deep
layers of the tissue. Generally, the longer the cells are
exposed to the CPA solution and the higher the CPA concen-
tration, the more the cell viability decreases. This has been
attributed to the toxicity of the CPA (8). Thus, the main
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ability to load sufficient amounts of cryoprotectant over the
whole tissue before toxicity limitations are reached.
A variety of loading protocols can be imagined. For example,
one suggested approach to vitrify AC is the liquidus-tracking
method (1,9). In this method, CPAs are loaded in steps of
increasing concentration and decreasing temperature main-
taining the CPA-loaded AC above the progressively colder
liquidus (i.e., avoiding ice) and greatly reducing the toxicity
of higher concentrations of CPA by introducing them at lower
temperatures.
The main problem for cryopreservation of tissues, partic-
ularly tissues with dimensions larger than 1 mm such as
intact human articular cartilage (AC) on a bone base, by
the liquidus-tracking method or any other cryoprotectant
loading protocol, is the tissue thickness. It causes a distribu-
tion of the CPA in the tissue during the loading, meaning that
cells at different depths in the tissue are exposed to different
concentrations of the CPA for different amounts of time, cor-
responding to different freezing and toxicity response of the
cells. The spatial and temporal distribution of the CPA is the
most critical piece of knowledge required for cryopreserva-
tion of biological tissues, and obtaining this knowledge is
one of the biggest challenges for researchers in this area.
Without this knowledge, design of any cryopreservation
protocol for tissues would be by trial-and-error, which has
had very limited success.
In the cryobiology literature, the overall average concen-
tration of the CPA across the thickness of articular cartilage
has been measured as a function of time (9–11). However,
these approaches do not yield information about the spatial
distribution of the CPA across the tissue thickness. Applica-
tion of Fick’s law of diffusion to calculate the CPA
doi: 10.1016/j.bpj.2009.08.058
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dilute solution assumptions, and vitrifying concentrations of
the CPA are necessarily nondilute. In addition, there is an
osmotic water flow to and from the cartilage when exposed
to solutions of different osmolalities, causing shrinking and
swelling of AC during the CPA loading (and removal),
which is not described by Fick’s law—and which has not
been accounted for in the cryobiology literature. In the
context of biomechanical engineering, however, this water
movement is known and described by the biphasic and tri-
phasic models of cartilage (12–14).
Recently, an attempt was made by Shaozhi and Pegg (15)
to introduce the triphasic description to the context of cryo-
biology to predict the concentration pattern of the CPA in the
AC matrix. The structure of the triphasic description was
used and the CPA was introduced as an extra component
in the equations. The chemical potential equations used
were those of the original triphasic model, i.e., ideal and
dilute, with slight adjustments. Although the work of
Shaozhi and Pegg pioneers the utilization of a more robust
model of cartilage in the field of cryobiology, modifications
and improvements can still be made in this approach to simu-
late the cryopreservation circumstances more accurately. The
study by Shaozhi and Pegg showed that the overall concen-
tration predicted by the model is mainly a function of the
diffusion coefficient and is insensitive to change in other
transport parameters. Because of a lack of appropriate data,
no final values were reported for the transport parameters
of the model other than the diffusion coefficient. Therefore,
to find the values of the other parameters other types of data
are required. These parameters must be calculated to use the
model for studying cartilage behavior and making predic-
tions. Furthermore, nondilute chemical potential equations
must be introduced to describe vitrifiable concentrations of
the CPA, the ultimate application of this area of research.
In this article, we describe a biomechanical model of
spatial and temporal cryoprotectant distribution in articular
cartilage; the first such model, to our knowledge, that takes
into account the nonideality of the CPA solution in calcu-
lating both water and solute movement and the resultant
shrinking and swelling of the tissue. The shrinking and
swelling of AC due to water movement when immersed in
a CPA solution and the resultant weight change of the AC,
along with the overall CPA uptake data, are used to uniquely
determine water and CPA-specific transport parameters of
the model as well as the stiffness modulus of cartilage.
THEORY
In the triphasic theory (13), cartilage is treated as a continuum
consisting of a solid component—representing extracellular
matrix, collagen, and proteoglycans—and a fluid component
representing the interstitial fluid. Ions in the interstitial fluid,
represented by Naþ and CL, are considered as the third
phase. To account for the CPA, a fourth component isconsidered in the model. In the following, the continuity
and momentum balance equations are discussed according
to Lai et al. (13) and all the necessary assumptions regarding
the introduction of the fourth component are mentioned. The
chemical potential equations are modified in this study to
incorporate nondilute solutions used for the vitrification of
biological tissues.
When cartilage grafts are immersed in an external CPA
bathing solution, the high osmolality of the external solution
causes a water flow from the matrix to the bath, and the carti-
lage shrinks because of this water movement. As the CPA
diffuses into the interstitial fluid, the outgoing flow of water
slows down, stops, and eventually reverses direction when
enough CPA diffuses into the matrix. This water movement
causes cartilage shrinking and swelling, respectively. Three
primary sets of equations—mass balance, momentum bal-
ance, and chemical potential equations—are needed to
describe the concentration and the movement of all compo-
nents and the resulting stress and strain in the matrix.
Continuity equations
With s, w, n, and c representing solid, water, mobile ions, and
the CPA, respectively, continuity can be expressed as
vra=vt þ V$ðranaÞ ¼ 0; a ¼ s;w; n; c; (1)
where r, n, and t represent the density (kg/m3), velocity (m/s),
and time (s), respectively, and a indicates the components.
The fixed charges (fc) are included in the solid phase.
Dividing both sides of Eq. 1 for each component by their
respective pure component density, ra, Eq. 1 can be written
in terms of volume fractions, 4a,
v4a=vt þ V$ð4anaÞ ¼ 0; a ¼ s;w; n; c; (2)
with 4a ¼ ra=ra. Assuming that the volume of mixing of
ions and the CPA in water are negligible and realizing thatP
4a ¼ 1, summing Eq. 2 over all components results inX
a
V$ð4anaÞ ¼ 0; a ¼ s;w; n; c: (3)
The volume fraction of ions may be considered negligible,
i.e., 4n y 0; however, the volume fraction of the CPA (c)
is not negligible in concentrated solutions. Therefore, Eq. 3
can be rearranged to
V$ð4snsÞ ¼ V$ ð4wnw þ 4cncÞ: (4)
For cartilage on the bone, immersed in the concentrated CPA
solution, the only direction for water and CPA movement is
perpendicular to the surface. In one dimension, Eq. 4 can be
used to show (14)
ns ¼ ðvw4w=4s þ vc4c=4sÞ: (5)
Equation 5 relates the velocity of the solid material to the
velocities and volume fractions of the other components.Biophysical Journal 97(12) 3054–3064
3056 Abazari et al.Momentum balance equations
Following nonequilibrium thermodynamics combined with
momentum balance, Lai et al. (13) wrote the relationship
among density, gradients in chemical potentials ma, and
differences between velocities of component a and the other
components as
raVma 
X
k
fak

na  nk; a ¼ w; n; c and
k ¼ s;w; n; c:
(6)
The proportionality constant fak is the frictional coefficient
and it is generally assumed that fak ¼ fka (Onsager reci-
procity). Following Lai et al. (13) we take fns ¼ 0. Similarly
in this study, we neglect the effects of fnc compared with fcw
and fcs to simplify the problem, i.e., fnc ¼ 0. The concentra-
tion of NaCl is so low compared to that of water and the CPA
that this assumption (which simplifies the model a great deal)
would not significantly change the predictions of the model.
Therefore, the momentum balance, Eq. 6, can be expanded to
rwVmw ¼ fwcðnw  ncÞ þ fwsðnw  nsÞ þ fwnðnw  nnÞ;
(7)
rcVmc ¼ fcwðnc  nwÞ þ fcsðnc  nsÞ; (8)
rnVmn ¼ fnwðnn  nwÞ: (9)
Substituting Eq. 9 in Eq. 7 results in
rwVmw  rnVmn ¼ fwcðvw  vcÞ þ fwsðvw  vsÞ: (10)
We assume a linear elastic solid so that the relationship
between the elastic stress Pelastic and the matrix deformation
e (strain) is (13)
VPelastic ¼ HAVe; (11)
where HA is called the aggregate compressive modulus of the
tissue. Strain is defined as the change in position at each
particular point compared to original position
eðxÞ ¼ l l0
l0
;
where l and lo represent transient and initial positions respec-
tively at each point x. At equilibrium with a solution of phys-
iological osmolality, the strain e is set by definition to zero
and therefore Pelastic ¼ 0. An osmotic pressure in the tissue,
Posmotic, is induced by the presence of solutes and fixed
charges. Therefore the total pressure in the tissue above
that in the surrounding solution is
P ¼ Posmotic þ Pelastic: (12)
In Eqs. 7–10, the chemical potential equations are yet to be
introduced. The solution thermodynamics employed in this
study is different from the thermodynamics originally used
in Lai et al. (13) and modified in Shaozhi and Pegg (15).
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The virial level description of the chemical potentials with an
arithmetic mixing rule for the nonideal and nondilute
mixture of water-NaCl-CPA derived from the work of Elliott
et al. (16) and Elmoazzen et al. (17) take the form
mw ¼ mw þ
P
rw
 RTðxNaþ þ xCl þ xCPAÞ
 BNaþ x2Naþ  BClx2Cl  BCPAx2CPA
 ðBNaþ þ BClÞxNaþ xCl  ðBNaþ þ BCPAÞxNaþ xCPA
 ðBCl þ BCPAÞxClxCPA

Mw;
(13)
mNaþ ¼ mNaþ þ RT

lnðxNaþ Þ þ

1
2
 BNaþ
	
 xwð1  xNaþ Þ 

1
2
 BCl
	
xwxCl


1
2
 BCPA
	
xwxCPA


MNaþ ;
(14)
mCl ¼ mCl þ RT

lnðxClÞ þ

1
2
 BCl
	
 xwð1  xClÞ 

1
2
 BNaþ
	
xwxNaþ


1
2
 BCPA
	
xwxCPA


MCl ;
(15)
mCPA ¼ mCPA þ
P
rCPA
þ RT

lnðxCPAÞ
þ

1
2
 BCPA
	
xw

1
2
 BCl
	
xwxCl 

1
2
 BNaþ
	
xwxNaþ


1
2
 BCPA
	
xwxCPA


MCPA:
(16)
In the above equations, x, P, rw, and rCPA denote mole
fraction, pressure (Pa), densities of pure water and pure
CPA (kg/m3), respectively. The superscript asterisk denotes
the reference pure fluid at the ambient pressure; R is the
universal gas constant, and T is the absolute temperature. M is
the molecular weight and Bi values are the osmotic virial coef-
ficients of solute i. The effect of pressure in the chemical
potentials of Naþ and Cl is ignored due to negligible volume
fractions of the ions in the solution. In addition, for the same
reason, an ideal, dilute assumption is made for ions, i.e., the
virial coefficients of the ions BCl and BNaþ are set to zero.
With the nondilute assumption for the CPA, the virial coeffi-
cient of the CPA, i.e., BCPA, is not zero. After simplifying,
reordering and factoring, Eqs. 13–16 take the form
mw ¼ mw þ
P
rw
 RTð1  xwÞð1 þ BCPAxCPAÞ=Mw (17)
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
lnðxNaþ Þ þ 1=2 x2w
þ BCPAxwxCPA

MNaþ ;
(18)
mCl ¼ mCl þ RT

lnðxClÞ þ 1=2 x2w
þ BCPAxwxCPA

MCl ; (19)
mCPA ¼ mCPA þ
P
rCPA
þ RTlnðxCPAÞ þ 1=2 x2w
 BCPAxwð1  xCPAÞ

MCPA: (20)
Following the argument in Lai et al. (13), (Mimi ¼ MNaþ
mNaþ þ MCl mCl), it is possible to combine the two ions
Naþ and Cl into one component, i.e., NaCl, as follows.
mNaCl ¼ mNaCl þ RT

ln

xCl þ xfc
ðxClÞ þ x2w
þ 2BCPAxwxCPA

MNaCl: (21)
In the above equations, mole fractions can be calculated from
the molar concentrations, xk ¼ ck/ct, where ct ¼ cw þ cCPA þ
cCl þ cNaþ. Realizing that the electroneutrality condition in
the tissue must be met,
cNaþ ¼ cCl þ cfc: (22)
The fixed charges are attached to the solid material. Therefore,
the solid strain changes the density of the fixed charges (14),
cfc ¼ c0fc

1  e=1  40s; (23)
where c0fc and 4
0
s are the initial concentration of fixed charges
and initial solid volume fraction, respectively, at equilibrium
with a solution of physiological osmolality. The relationship
between strain and solid volume fraction is (14)
e ¼ 40s=4s  1: (24)
In Eq. 24, increase or decrease in 4s compared to 4
0
s corre-
sponds to negative or positive values for strain implying
shrinking or swelling, respectively. When 4s ¼ 4s0, strain
is equal to zero, which corresponds to the initial condition.
Initial condition
We consider the initial condition inside the cartilage at t ¼ 0
to be that which it would have if previously equilibrated
with an isotonic salt bath in the absence of CPA. According
to Gu et al. (14), at t ¼ 0,
mtissuew ¼ mbothw ;
mwþ
P
rw
 RTðxClþðxClþxfcÞÞ
Mw
	tissue
¼

mw
RTð2xClÞ
Mw
	both
mtissueNaCl ¼ mbothNaCl;
;
(25a)

mNaCl þ RT½lnððxClÞðxCl þ xfcÞÞ þ x2w=MNaCl
tissue
¼ mNaCl þ RT½lnððxClÞ2Þ þ x2w=MNaClboth:
(25b)Subscript w represents water.
Boundary conditions
For the purpose of numerical analysis in this study, cartilage
is taken as a slab with thickness h (in axial dimension x),
which is on the bone on one side and is in contact with the
bathing solution on the other. The slab is considered infinite
in the y and z dimensions. Hence, the analysis is one-dimen-
sional. This assumption is particularly true considering the
very large ratio of surface area to thickness in articular carti-
lage. The two boundaries of the cartilage geometry are the
bone-cartilage interface and the cartilage-bath boundary.
Therefore, with the space reference point, x ¼ 0 on the
bone-cartilage interface, at x ¼ 0,
dmw
dx
¼ dmc
dx
¼ dmn
dx
¼ dP
dx
¼ 0:
This means no solid movement and no flux of any component
exists across the bone-cartilage boundary at x¼ 0 at any time.
There are fluxes of water, ions, and the CPA across the carti-
lage-bath boundary, which result in shrinking and swelling of
cartilage. Therefore, the position of the cartilage-bath
boundary can be expressed by x ¼ h(t), where h is the thick-
ness of cartilage as a function of time. The boundary condi-
tions at x ¼ h(t) can be calculated by equating the internal
and external chemical potentials of each component across
the tissue-bath boundary (14). At x ¼ h(t),
mbndw ¼ mbathw ;

mw þ
P
rw
 RTð1  xwÞð1 þ BCPAxCPAÞ
Mw
	bnd
¼

mw 
RTð1  xwÞð1 þ BCPAxwÞ
Mw
	bath
; (26a)
mbndCPA ¼ msCPA;

mCPA þ
P
rCPA
þ
RT½lnðxCPAÞ þ 1
2
x2w  BCPAð1  xCPAÞ
MCPA
	bnd
¼

mCPAþ
RT½lnðxCPAÞ þ 1
2
x2w  BCPAð1  xCPAÞ
MCPA
	bath
;
(26b)
mbndNaCl ¼ msNaCl;
mNaCl þ
RT½lnðxClþxfcxClÞÞþx2w  2BCPAxwxCPA
MNaCl
	bnd
¼

mNaCl þ
RT½lnððxClÞ2Þþx2w þ 2BCPAxwxCPA
MNaCl
	bath
:
(26c)
Superscript bnd represents inside the tissue at the
boundary.Biophysical Journal 97(12) 3054–3064
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model’s partial differential equations, the next step in solving
the model is to address such model parameters as the fric-
tional coefficients appearing in Eqs. 7–9, the cartilage stiff-
ness modulus in Eq. 11, and the solute virial coefficients in
Eqs. 17–21. As listed in Table 1, the relationship among
the frictional coefficients fab and physically meaningful
parameters such as diffusion coefficients Dab and perme-
ability Kab can be taken from the biphasic and triphasic
descriptions. Therefore, the four parameters that must be
known to solve the model are the water permeability in carti-
lage (Ksw); the CPA permeability in cartilage (Kcs); the CPA
diffusion coefficient in water (Dcw); and the stiffness
modulus of the tissue (HA). Dcw, Ksw, and HA have been
measured in different studies and ranges of these values
are listed in Table 1. However, no similarly small range is
known for Kcs. It is necessary to fit the model to experimental
data to find the values of these parameters.
MATERIALS AND METHODS
We previously measured the average CPA concentration over time in disks
of cartilage cut from the femoral condyles of the knee joints of skeletally
mature pigs in another published study. Details of the method can be found
in Jomha et al. (10). The weight change of the same disks of cartilage was
also measured for the purpose of this article. Here, the fluid weight of the
cartilage disks was calculated by subtracting the measured dry weight
from the weight of the treated cartilage disks, and then normalized to the
initial fluid weight of the same disks of cartilage. Multiplying the initial
weight of each individual disk of cartilage by the measured dry weight
percentage gives the dry weight of each individual disk of cartilage, which
was then used in the calculations. The dry weight percentage was measured
in a separate experiment by drying the pieces of porcine cartilage, measuring
the dry weight, and normalizing to the initial weight. This data is partially
TABLE 1 Values of the model constants and parameters used
in the simulation
Constant Value Parameter Value
MW 0.01802 kg/mol BDMSO 7.2408*
MDMSO 0.07813 kg/mol BEG 1.501 (24)
MEG 0.06207 kg/mol Dnw 0.5  1010 m2/s (23,25)
MNaCl 0.058 kg/mol Dcw DMSO: 0.3–0.8 
1010 m2/s (25,26)
EG: 5–10 
1010 m2/s (27)
(free diffusion)
rw 1000 kg/m
3 HA 1.2–7.8 MPa (22)
rDMSO 1101 kg/m
3 Ksw 10
16–1015 m4/(N s) (28)
rEG 1126 kg/mol Kcs Not available
for EG and DMSO
R 8.314 J/(mol K) fcw RTð1  4sÞcc=Dcw
cfc
0 0.2 M (19,29) fnw RTð1  4sÞcn=Dnw (14)
4S
0 0.2 fcs 4
c2=Kcs
fws 4
w2=Kws (14)
Dry weight ¼ Initial weight  Average dry weight percentage (22.7%).
Normalized fluid weight ¼ (Final weight  Dry weight)/(Initial weight 
Dry weight).
*Following Prickett et al. (24), using a quadratic fit instead of a cubic results
in the value of BDMSO as reported (R. Prickett, unpublished).Biophysical Journal 97(12) 3054–3064reported in Figs. 5 and 6. (Our original work (10) included four CPAs.
Weight change data for two of the CPAs—DMSO and EG—are, to our
knowledge, published for the first time in this study. Standard deviations
were small; therefore, error bars are omitted to make the graphs easier to
read.)
It should be noted that, in the experiments, disks of cartilage were exposed
to the solution from both sides as well as the circumference. The circumfer-
ential surface is smaller than the top and bottom surfaces. In addition, it is
reported that the radial permeability of water in cartilage can be 2–10 times
less than the axial permeability when the tissue is under static axial compres-
sion (18). Therefore, we assume that transport in the radial dimension in the
experiments can be ignored and the modeling is done in the axial dimension
only. The space reference point x ¼ 0 is different for cartilage disks than
when the cartilage is on the bone. Assuming a uniform distribution of the
cartilage properties across the thickness of the disks, the space reference
is set at the middle of the cartilage, to simulate the conditions of these
experiments, so that the top and bottom surfaces of the disk are at x ¼
h(t) and x¼h(t), respectively, where h is half the thickness of the cartilage
disk and symmetry holds on both sides of x ¼ 0. The same boundary condi-
tions at x ¼ 0 and x ¼ h(t) still hold, as previously discussed.
Initial and boundary conditions
Equations 25 and 26 were solved with the initial and boundary conditions
consistent with the experimental conditions (10). The results were for
initial anion concentration c0Cl ¼ 0:081 M, initial internal pressure P0 ¼
0.14 MPa, CPA and anion boundary concentrations cbndDMSO ¼ 6:49 M and
cbndCL ¼ 0:03 M. The initial solid volume fraction was taken to be 0.2 and
the fixed charge density was taken to be an average of 0.2 mEq per gram
of tissue water uniformly distributed across the tissue (Table 1). The value
of the fixed charge density was taken to be an average of the reported values
in the literature, which are between 0.1 and 0.3 mEq per gram of tissue water
and an average of 0.2 mEq per gram of tissue water (¼ 0.2 M)—a physiolog-
ically realistic value that is generally accepted and used in the biomechanical
engineering literature for cartilage modeling (19). Although there might be
species-dependent variability between human and porcine tissue, this range
covers the experimentally measured fixed charge density for some species
(other than human), such as porcine cartilage (20), which is the experimental
model in this study. In this model, there is also a distribution of fixed charge
density from the surface to the bone, which is estimated by the average value
throughout the cartilage.
It must be mentioned that solving the boundary conditions also results in
a positive strain, i.e., swelling, at the boundary of the tissue. As the tensile
modulus of cartilage is between one and two orders-of-magnitude higher
than its compressive modulus (21), the value of the swelling strain and its
effect on the boundary solid volume fraction is very small (~1%).
Fitting procedure
Equations 1, 5, 7–12, 17, and 20–24 were solved with the COMSOL Multi-
physics commercial finite element solver (COMSOL Group, Stockholm,
Sweden). Simulations were carried out for the one-dimensional problem
as in a slab with half the average thickness of the disks, i.e., 1 mm. The
boundary and initial conditions were set as per discussed above. Using
a custom-written code in MATLAB (The MathWorks, Natick, MA), values
of the four parameters Ksw, Kcs, Dcw, and HA were changed in four nested
loops within the ranges introduced in Table 1 and the model was solved
for the average CPA concentration and normalized fluid weight as a function
of time. A combination of the four parameters returning the least sum of
squared errors for both concentration and weight, was taken as the best fit.
For Kcs, no values were available; therefore, a wide range of values was
considered first and then it was narrowed-down to decrease the time of
calculation. If, for any of the parameters, the best-fit value fell on either
edge of the initially specified range, then the range for that parameter was
extended and the calculation was repeated again in the new extended range.
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A numerical analysis was done on the sensitivity of the
average CPA concentration and weight change of cartilage
disks to the change of each of the four parameters, and the
results are presented later in Figs. 1–4. Since the changes
in concentration and weight are more significant in the first
30 min, the simulation results are only depicted up to 3 h.
In Fig. 1, a and b, the simulated results of average concen-
tration and weight change behavior of a cartilage disk are
plotted for different values of the diffusion coefficient,
Dcw. The higher the value of Dcw, the faster the increase in
the concentration. The weight change behavior with
increasing diffusion coefficient in Fig. 1 b is more complex.
The higher the Dcw, the faster the rate of regaining weight.
In addition, the minimum weight of the tissue occurs faster
and at a lower amount with increasing diffusion coefficient.
This can be explained by the fact that with higher Dcw, the
concentration of the CPA increases very quickly at the
surface layers of the tissue. This introduces a greater chem-
ical potential gradient to the deeper layers of the tissue and
causes a greater dehydration so that the minimum weight
happens more quickly and at a lower amount.
FIGURE 1 Simulation results of the overall concentration uptake and
weight change in disks of cartilage with variable diffusion coefficient
Dcw with HA ¼ 3 MPa, Ksw ¼ 5  1016 m4/(N s), and Kcs ¼ 0.2 
1016 m4/(N s).Fig. 2, a and b, demonstrates the effect of water perme-
ability in cartilage, Ksw, on the concentration increase and
weight change of the cartilage. Apparently, Ksw has very little
effect on the concentration increase in the tissue. This is also
observed in Figs. 3 a and 4 a for CPA permeability, Kcs, and
tissue stiffness modulus, HA. In Fig. 2 b, decreasing the value
of Ksw from 5  1016 m4/(N s) to 3  1016 m4/(N s)
decreases the rate of initial weight loss. Lower Ksw means
that the permeation rate of water out of the cartilage gets
slower and therefore the tissue loses less water before it
reaches equilibrium with the bathing solution.
Fig. 3, a and b, displays how the average concentration and
weight of the disk of cartilage change as functions of time
with different values of Kcs. By increasing the value of Kcs
from 0.3  1016 m4/(N s) to 0.7  1016 m4/(N s), the
loss-gain behavior transforms into gain-loss behavior. This
suggests that above a certain ratio ofKcs/Ksw, the CPA perme-
ates into the cartilage matrix more quickly than the water
leaves it. This either can keep water from leaving the tissue
or can cause the water to rush back into the tissue—hence
causing an increase in weight before the tissue reaches
equilibrium with the surrounding solution.
FIGURE 2 Simulation results of the overall concentration uptake and
weight change in disks of cartilage with variable water permeability Ksw
with HA ¼ 1 MPa, Dcw ¼ 3  1010 m2/s, and Kcs ¼ 0.4  1016 m4/(N s).Biophysical Journal 97(12) 3054–3064
3060 Abazari et al.In Fig. 4, a and b, the effect of different values of the stiff-
ness modulus HA on the average concentration and weight
change of cartilage is studied. In Fig. 4 b, with decreasing
HA, the minimum weight happens later in time and at lower
amounts. To understand this, an analogy with a spring is
useful. Under constant compression, the spring with a smaller
spring constant—i.e., smaller HA—has the maximum
contraction, and vice versa.
In summary, from the results of the numerical analysis, it
is understood that each of the four parameters discussed
above influences, uniquely, the predictions of the average
concentration and weight change, and thus, it is possible to
fit the model (uniquely) to the data of average concentration
and weight change in cartilage to find (unique) best values of
each parameter.
Best-ﬁtted values of the model parameters
Using the fitting procedure described in Materials and
Methods, model predictions of average concentration and
weight change using the best-fit values of the parameters
are plotted in Figs. 5 and 6 for DMSO and EG. Originally,
the data was collected up to 24 h. Since the data reaches
FIGURE 3 Simulation results of the overall concentration uptake and
weight change in disks of cartilage with variable solute permeability Kcs
with HA ¼ 1 MPa, Dcw ¼ 3  1010 m2/s, and Ksw ¼ 4  1016 m4/(N s).Biophysical Journal 97(12) 3054–3064a plateau after ~2 h at all three temperatures 4, 22, and
37C, only the first 2 h are shown in Figs. 5 and 6 and
the R2 calculated for each fit is shown on each figure. The
best-fit values of each parameter are plotted separately in
Figs. 7–10 at three temperatures for DMSO and EG. As
another measure of fit sensitivity to the changes in the
value of each transport parameter, a range was specified in
Figs. 7–10 in which the sum of the squared errors between
data and model predictions is less than double the minimum
sum of squared errors. This analysis demonstrates how far
the value of a parameter can deviate from its best-fitted
value before the minimum sum of squared errors doubles.
These ranges are depicted in Figs. 7–10 with lines to guide
the eyes. This custom analysis can help in understanding,
relatively, how well known the values of the fitted parame-
ters are.
DISCUSSION
Detailed experiments and studies have shown that the
compressive aggregate modulus of cartilage, HA, is related
to the concentration of the fixed charges and ions as well
FIGURE 4 Simulation results of the overall concentration uptake and
weight change in disks of cartilage with variable stiffness modulus HA
with Dcw ¼ 3  1010 m2/s, Ksw ¼ 5  1016 m4/(N s), and Kcs ¼ 0.2 
1016 m4/(N s).
Nondilute Solution Transport in Cartilage 3061as solid content in different layers of the cartilage. Because
there is a distribution of fixed charges and solid content
throughout the thickness of cartilage, the aggregate modulus
varies with depth (13). Chen et al. (22) report an increase in
the fixed charges density from 0.13 mEq at the surface to
0.25 mEq per gram of tissue water at the bone side in human
articular cartilage. The aggregate modulus in the same tissue
is reported to increase from 2 MPa to 8 MPa in the respective
regions in their study. As mentioned by Chen et al. (22), it is
difficult to incorporate these depth-dependent variations into
the biomechanical behavior when dealing with transient
nonequilibrium conditions. It is even more difficult to do
so when the effects of the presence of a solute other than
ions in the solution must be incorporated in the model. In
addition, our collected data of concentration and weight
change are overall measurements. Therefore, to keep the
problem tractable, an average was assigned to all properties.
Nonetheless, as seen in Figs. 5 and 6, the model is able to
describe the weight change at different temperatures
uniquely for two different CPAs, with R2 values >0.95.
In Figs. 7–10, it appears that all the four transport param-
eters considered in this study exhibit some degree of temper-
FIGURE 5 Data of the overall concentration uptake and weight change
behavior in disks of cartilage in 6.5 M DMSO solution at 4C (6), 22C
(,), and 37C (B), and the best-fit results for each temperature, 4C
(—), 22C (---), and 37C (.).ature dependence. In Fig. 7, the diffusion coefficients of
both EG and DMSO increase with increasing temperature
as expected. It is possible to fit this data to an Arrhenius
equation to predict, further, the diffusion coefficients at other
temperatures. The best-fitted values for the diffusion coeffi-
cients of EG and DMSO in water inside cartilage are
different from the experimental results for free diffusion of
EG and DMSO in water plotted in Fig. 7. It can be hypoth-
esized that the diffusion of EG and DMSO in water is
hindered because of the tortuosity of the tissue and the exis-
tence of protein molecules in the solution. Nimer et al. (23)
measured the diffusion of small noncharged solutes in carti-
lage and found out that the value of the diffusion coefficient
in cartilage reduces to 40% of that in the free solution.
Hence, fitted values for Dcw for EG and DMSO plotted in
Fig. 7 appear to be consistent with the measurement of
Nimer et al. (23).
In Fig. 8, best-fit values of Ksw are plotted for both EG and
DMSO at the three temperatures. The indicated areas of our
custom sensitivity test are larger compared to those of the
other parameters, suggesting that fitting the model to this
type of data might not be as accurate for calculation of
FIGURE 6 Data of the overall concentration uptake and weight change
behavior in disks of cartilage in 6.5 M EG solution at 4C (6), 22C
(,), and 37C (B), and the best-fit results for each temperature, 4C
(—), 22C (---), and 37C (.).Biophysical Journal 97(12) 3054–3064
3062 Abazari et al.Ksw. This can be particularly true, as it is shown in the
numerical analysis that the major effect of Ksw is on the
rate of water loss and therefore the accuracy of the data in
first few minutes are very important for the precision of
the fit. However, the range of the reported values of Ksw in
the literature, between 1.2  1016 m4/(N s) and 10 
1016 m4/(N s) (21), still includes the calculated values.
Fig. 9 depicts the temperature dependence of the perme-
ability of the DMSO and EG in cartilage. For both CPAs,
the relationship between Kcs and temperature is direct but
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FIGURE 8 Best-fit results for the water permeability coefficient in carti-
lage at different temperatures. Thin lines denote the ranges of the custom
sensitivity analysis. The solid vertical line shows the range of measurement
by others (21) for confined and unconfined compression of cartilage.
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FIGURE 7 Best-fit results for the diffusion coefficient of DMSO and EG
in water in cartilage. Experimental data are measurements of the diffusion
coefficients in free solution, DMSO (,) (26) and EG (B) (27). Thin lines
denote the ranges of the custom sensitivity analysis.Biophysical Journal 97(12) 3054–3064not very strong. To our knowledge, such a parameter has
not been measured or calculated before in any other study,
and this article is the first to introduce this parameter and
its values calculated indirectly from experiments. It is inter-
esting to note that the permeability values for CPAs are
approximately one-order-of-magnitude less than that of water
in cartilage.
The best-fit values of cartilage stiffness modulus HA are
plotted in Fig. 10. Most mechanical experimentations on
cartilage reported in the biomechanical engineering literature
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FIGURE 10 Best-fit results for the stiffness modulus of cartilage at
different temperatures. The solid vertical line shows the range of measure-
ments by others (22). Thin lines denote the ranges of the custom sensitivity
analysis.
Nondilute Solution Transport in Cartilage 3063have been done on human articular cartilage and, in general,
there is no indication of the temperature at which these
experiments were conducted. Assuming room temperature,
20C, as the condition of collecting the data in these exper-
iments, the range of the values for HA for human AC calcu-
lated or used in the literature is also plotted in Fig. 10 to
compare to the fits for porcine AC. The reported range of
HA by Chen et al. (22) for human articular cartilage is
1.2 MPa at the surface layers increasing to 7.5 MPa in
deep layers. Theoretically, HA is independent of the type
of the CPA used in the experiments. In Fig. 10, values of
HA are apparently very close at each temperature regardless
of the type of the CPA and are within the reported range of
HA in the literature. The apparent temperature dependence
for HA might be explained by material properties of collagen
as a function of temperature and dependence of the aggregate
modulus on the ion concentration, which is a function of
temperature.
CONCLUSION
Based on the triphasic biomechanical description of carti-
lage, a model has been developed to predict the transient
concentration pattern of CPA and water in biological tissues
such as cartilage, as well as transient patterns of matrix stress
and strain. Values of the parameters regulating the transport
of water and solutes in the tissue can be calculated by fitting
the model to the data obtained from a simple experimental
setup. Fit parameters Ksw and HA appear to be independent
of the CPA type, as theoretically expected, and to agree
with independent mechanical measurements. Dcw values
for both CPAs in cartilage are lower than those in the
free solution, again, as expected, and the value of Dcw
for DMSO is higher than that of EG, which agrees with
the literature for free diffusion. Because the viability of
chondrocytes depends highly on the process of loading and
unloading the CPA in a cryopreservation protocol, this
transient triphasic model for the diffusion of concentrated
solutes in cartilage can help researchers understand the
fundamental physics of the diffusion problem and can
open new doors for tackling the issue of cryopreservation
of articular cartilage.
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